Introduction {#S0001}
============

Surgical resection is still the primary treatment method for HCC patients at present. However, postoperative recurrence and metastasis of hepatocellular carcinoma (HCC) are the main factors influencing the prognosis of patients.[@CIT0001] The early tumor recurrence is frequently caused by tumor invasion and metastasis. Thus, new treatment targets to control HCC metastasis and recurrence are urgently needed. Tumor metastasis is a multi-step process,[@CIT0002] and the acquisition of mesenchymal changes in epithelial tumor cells, which is also called epithelial-mesenchymal transition (EMT), is the first step in the process of tumor metastasis. Interfering with the process of EMT may decrease tumor metastasis and invasion, and improve the prognosis of HCC patients. More and more studies have found that tumor cells can secrete and release a large number of extracellular vesicles (including exosomes).[@CIT0003],[@CIT0004] Tumor-cells-derived exosomes could regulate the tumor microenvironment by transporting a variety of biologically active molecules (cytokines, proteins, mRNA, miRNAs, etc.), thereby affecting tumor progression, metastasis and drug resistance.[@CIT0005]

In recent years, studies have found that exosomes can act as regulators of tumor microenvironment to influence tumor cell invasion and EMT.[@CIT0006] The proteins in exosomes can change with the phenotypic change of lung cancer cells; co-culture of exosomes derived from cells induced by TGF-β with epithelial phenotypic cells revealed changes in the morphological and phenotypic marker proteins of recipient cells.[@CIT0007] Moreover, Tian et al found that the acidic microenvironment can trigger the activation of HIF-1α and HIF-2α and stimulate exosomal miR-21 and miR-10b expression substantially promoting HCC cell proliferation, migration and invasion.[@CIT0008] The highly malignant tumor cells may transport exosomes to tumor cells with low migration capacity, and promote cell proliferation, invasion and metastasis in vitro.[@CIT0009] Lu Chen et al also found that exosomes from high-metastatic MHCC97H cells could induce HCC cells to undergo EMT through different pathways.[@CIT0010] Exosomes derived from advanced lung cancer patient's serum can induce the migration, invasion and enhancement of non-tumor recipient cells by up-regulating the expression of vimentin and mediating the EMT process.[@CIT0011] The above results indicate that exosomes are released from tumor cells into the extracellular microenvironment and participate in the regulation of target cell progression and metastasis by transporting bioactive molecules. However, the role of HCC-cell-derived exosomes in the invasion and metastasis of HCC in vitro and in vivo remains unclear.

In this study, we carried a systematic study of the role of exosomes in HCC invasion and metastasis. We used different HCC cell lines for purifying exosomes, and we detected whether these exosomes contained different levels of TGF-β, which likely differentially affect HCC metastasis. Animal experiments indicated the influence of exosomes on HCC metastasis. Our study revealed for the first time that exosomes derived from highly metastatic MHCC97H cells could be taken up by low metastatic HCC cells; furthermore, HCC-derived exosomes could mediate EMT and promote HCC cells invasion through TGF-β/Smad signaling pathway, and the highly invasive MHCC97H-derived exosomes were more effective. These findings may contribute to the identification of new therapeutic targets and prognostic prediction marker.

Materials and methods {#S0002}
=====================

Cells and reagents {#S0002-S2001}
------------------

LO2, MHCC97L, MHCC97H and HepG2 cell lines were obtained from the Liver Cancer Institute, Fudan University (Shanghai, China). MHCC97L, MHCC97H and HepG2 were maintained in Dulbecco's Modified Eagle Medium (DMEM, WISENT, CA, USA) containing 10% fetal bovine serum (FBS) (ExCell Bio, China). LO2 cell line was maintained in 1640 containing 10% FBS. All cells were incubated in 5% CO~2~ at 37°C. This study was conducted in accordance with Declaration of Helsinki and was approved by the Ethics Committee of the Third Hospital Affiliated to Soochow University.

Isolation of exosomes and transmission electron microscopy {#S0002-S2002}
----------------------------------------------------------

Different cell lines were cultured in media with 10% exosome-free FBS (by ultracentrifugation overnight). After 48 hrs, cell culture media were collected, and exosomes were isolated from the supernatant by differential centrifugation using a OptimaL-80 XP ultracentrifuge (Beckman Coulter, USA) as previously described.[@CIT0012] Briefly, the medium was collected and centrifuged at 1000 g for 15 mins, at 3000 g for 30 mins, at 10,000 g for 60 mins, at 100,000 g for 4 hrs. All centrifugal steps were performed at 4°C. Isolated exosome samples were resuspended in 300 μL PBS. The exosomes were quantified by BCA protein assay. A total of 10 μg exosomes were used for each in vitro experiment.

Transmission electron microscopy and size distribution analysis {#S0002-S2003}
---------------------------------------------------------------

The extracted pellets were observed under transmission electron microscopy (TEM) as previously described.[@CIT0013] A drop of purified exosomes (approximately 10 μL) was fixed with 1% glutaraldehyde for 10 mins, washed, and contrasted in 2% uranyl acetate. Images were obtained by TEM (JEM-2100, Jeol, Japan), and the size distribution of the isolated exosomes was analyzed by a Zetasizer Nano ZS90 instrument (Malvern, UK) according to the manufacturer's instructions. All samples were measured with parameters of 44.5 mm and 0.64 V voltage using NP100 membranes. Samples were calibrated by CPC100 standard particles diluted 1000-fold under identical settings.

Wound-healing assay and trans-well invasion assay {#S0002-S2004}
-------------------------------------------------

Cell migration ability was measured by wound-healing assay. Full confluent cells were seeded into 24-wells plate; acellular area was created by scraping using a pipette tip. Wound closure was measured at 24 and 48 hrs interval.

Trans-well invasion assay was performed using matrigel invasion chamber (BD Biosciences, Bedford, MA). Briefly, cells were harvested and resuspended in serum-free medium. For migration assay, 1×10^5^ cells were added into the upper chamber, DMEM medium containing 10% FBS were added into the bottom chamber and served as a chemoattractant. After incubation for 24 hrs at 37°C in 5% CO~2~, remaining cells in the upper chamber were wiped out with cotton swap. The cells that migrated or invaded to the lower surface of the membrane were fixed with 100% methanol, stained with hematoxylin and counted under a microscope (Olympus Corporation, Japan).

Western blot assay {#S0002-S2005}
------------------

To determine the level of indicated proteins, exosomes and hepatoma cells were lysed with RIPA peptide lysis buffer (Beyotime Biotechnology, China) containing 1% protease inhibitors (Pierce). Equal amounts of proteins were loaded, the PVDF membranes with transferred proteins were incubated with primary antibodies at 4°C overnight and HRP-conjugated secondary antibodies at room temperature for 2 hrs. The signal was developed by the enhanced chemiluminescence (ECL) reagent (Millipore, Bedford, MA, USA) and visualized by FluorChem FC2 Imaging System (Alpha Innotech, San Leandro, CA, USA). The antibodies for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), CD9, CD63, E-cadherin, Vimentin, p-Smad2 and p-Smad3 were obtained from Cell Signaling Technology (Beverly, MA, USA). The TGF-β inhibitor LY2109761 (S-2704) was purchased from Selleck (USA).

Enzyme-linked immunosorbent assay (ELISA) {#S0002-S2006}
-----------------------------------------

The concentration of TGF-β in the cellular supernatant was detected using a human TGF-β ELISA kit (ExCell, Shanghai, China) following the manufacturer's instructions. Briefly, after the cells were treated with HCC-cell-derived exosomes for 48 hrs, the media was collected and centrifuged at 5000 rpm for 5 mins. Total media with 10% FBS was used as the control.

Hematoxylin-eosin (H&E) stain {#S0002-S2007}
-----------------------------

All of the animals were sacrificed at the indicated time, and the mice lung tissues were collected for histological examination. The lung tissues were fixed in 4% paraformaldehyde and embedded in paraffin. The slices (5 μm thickness) were stained with hematoxylin and eosin (H&E). The cancer embolus area in the lung was observed under an Olympus BX51 microscope.

Animal model {#S0002-S2008}
------------

All animal procedures were performed according to national guidelines and approved by the Animal Care Ethics Committee of the Third Hospital Affiliated to Soochow University. Twenty male BALB/c nu/nu mice (4--6 weeks old, Laboratory Animal Center of Shanghai, Academy of Science) were procured. All mice received subcutaneous injections of HCC cells in the right armpit (1×10^7^ cells in 200 μL of PBS per mouse). Twenty mice were randomly divided into four groups (the control group, LO2-exosome group, MHCC97L-exosome group and MHCC97H-exosom group) when the tumors reached a volume of 50--100 mm^3^ (15 days after subcutaneous injections of tumor cells); exosomes (100 μg of total protein) were injected into the implanted tumors every 2 days for 7 times, respectively; the control group was injected with equal volume PBS. The mice were examined every 2 days, and all mice were sacrificed by cervical dislocation under general anesthesia with chloral hydrate (5%, 100 μL/10 g).

Statistical analyses {#S0002-S2009}
--------------------

All results are described as the mean ± s.d. The assay data were analyzed using Student's t-tests. All differences were considered significant at the level of *P*\<0.05. All statistical analyses were performed using SPSS for Windows release 22.0 (SPSS Inc., Chicago, IL, USA).

Results {#S0003}
=======

Exosome extraction and morphological identification {#S0003-S2001}
---------------------------------------------------

According to previous reports, we used sequential ultracentrifugation to isolate exosomes from the cell culture supernatants of normal liver cells (LO2) and two HCC cell lines (MHCC97H and MHCC97L), and MHCC97H cells have high metastatic potential among them. In addition, morphology and characteristic of exosomes were studied by TEM, particle size analysis and marker protein detection. Different cell-derived exosomes were found to be vesicular, approximately 50--150 nm in diameter ([Figure 1A](#F0001){ref-type="fig"}--[C](#F0001){ref-type="fig"}), and the nanoparticle tracking analysis by Zetasizer Nano ZS90 revealed the exosomes size distribution ([Figure 1D](#F0001){ref-type="fig"}). Detection of two commonly used exosomal marker proteins, CD9 and CD63, confirmed the identity of the exosomes ([Figure 1E](#F0001){ref-type="fig"}).Figure 1Characterization of isolated exosomes. Exosomes were purified from LO2 (**A**), MHCC97L (**B**) and MHCC97H (**C**) cells culture supernatant and examined by TEM. (**D**) Size distribution analysis of purified exosomes by DLS (Nano-ZS90, Malvern). (**E**) Exosomes markers (CD9, CD63) were analyzed using Western blot method (equal amounts of total protein, 50 μg). The data demonstrated that extracts were enriched with exosomal marker protein CD9 and CD63.**Abbreviation:** TEM, transmission electron microscopy.

The exosomes derived from HCC cells promote cell migration {#S0003-S2002}
----------------------------------------------------------

To investigate the effect of exosomes derived from HCC cells on the migration and invasion of recipient cells, we used the scratch healing assay and found that exosomes derived from MHCC97L and MHCC97H cells promoted the migration of recipient cells; besides, the highly invasive MHCC97H-derived exosomes were more effective ([Figure 2A](#F0002){ref-type="fig"}). In addition, transwell results showed that the number of positively stained cells in the MHCC97H-derived exosomal group increased significantly ([Figure 2B](#F0002){ref-type="fig"}). Overall, these data suggested that HCC-cell-derived exosomes could promote HepG2 cells migration and invasion, and the highly invasive MHCC97H-derived exosomes were more effective.Figure 2Wound-healing assay and transwell invasion assay.**Notes:** (**A**) Wound-healing assay evaluated the migration potential of HCC cells. Equal volume of PBS (Control), MHCC97L exosomes and MHCC97H exosomes (100 μg/mL) co-cultured with recipient hepatoma cells; the distance was measured after 48 hrs. (**B**) The chemotactic potential of recipient cells treated with MHCC97L- and MHCC97H-derived exosomes (100 μg/mL). After 48 hrs of invasion, cells invaded to the lower chamber were stained and photographed. Invaded cells were counted in three random visions and the average numbers were presented (\* *P*\<0.05).**Abbreviation:** HCC, hepatocellular carcinoma.

TGF-β pathway activated by exosomes derived from HCC cells {#S0003-S2003}
----------------------------------------------------------

After observing that exosomes derived from HCC cells can promote the migration and invasion of recipient HCC cells, we next examined the EMT marker protein in HepG2 cells after treatment with MHCC97L- and MHCC97H-derived exosomes by Western blot. The results showed that incubation with MHCC97L- and MHCC97H-derived exosomes suppressed the expression of the epithelial marker E-cadherin and promoted the expression of mesenchymal marker Vimentin ([Figure 3A](#F0003){ref-type="fig"}).Figure 3TGF-β pathway activated by exosomes derived from HCC cell.**Notes:** (**A**) The expression of E-cadherin and Vimentin were detected by Western blot. (**B**) TGF-β concentrations were determined by ELISA kits, treatment with HCC-exosomes for 48 hrs increased TGF-β level in cell culture supernatant compared with that in the control group. (**C**) The expression of *p*-Smad2 and *p*-Smad3 were detected by Western blot. (**D**) Results of transwell invasion assay. The number of positive cells penetrating the pores of the HCC cells treated with the TGF-β group was significantly higher than that of the control group and the LY2109761 (TGF-β inhibitor) group (\**P*\<0.05). (**E**) Western blot analysis confirmed the exosomal TGF-β efficiency by LY2109761, the expression of E-cadherin decreased and Vimentin expression increased after application.**Abbreviation:** HCC, hepatocellular carcinoma.

TGF-β is one of the most important cytokines in the EMT process of tumors. To identify the signaling pathway involved in exosomes mediated EMT, we used ELISA to detect the level of TGF-β changes in the supernatant of the recipient cells. We found that after incubation with MHCC97L- and MHCC97H-derived exosomes, the level of TGF-β in the culture supernatant of HepG2 cells was significantly elevated ([Figure 3B](#F0003){ref-type="fig"}). In addition, we detected the expression levels of phosphorylated active forms of Smad2 and Smad3 by Western blot. The results showed that phosphorylation of Smad2 and Smad3 were significantly elevated in recipient HepG2 cells incubated with MHCC97L- and MHCC97H-derived exosomes ([Figure 3C](#F0003){ref-type="fig"}). In summary, these results reveal that HCC-cell-derived exosomes could induce HepG2 cells to undergo EMT through the TGF-β/Smad signaling pathway.

In order to clarify the role of endogenous cytokine TGF-β in the exosomes, we treated MHCC97L cells with TGF-β and TGF-β inhibitor LY2109761 for 72 hrs to obtain exosomes released in different states of MHCC97L cells. The transwell assay showed that the number of positive cells penetrating the pores of the MHCC97L cells treated with the TGF-β group was significantly higher than that of the control group and the LY2109761 group ([Figure 3D](#F0003){ref-type="fig"}).

We detected the changes of phenotypic marker proteins after treatment of recipient cells with exosomes from different sources by Western blot. The results showed that MHCC97L exosomes induced by TGF-β decreased the expression of E-cadherin and increased the expression of Vimentin compared to the control group. However, the effect of MHCC97L exosomes treated with LY2109761 was significantly reduced ([Figure 3E](#F0003){ref-type="fig"}).

The exosomes derived from HCC cells promote the invasion and metastasis of HCC in vivo {#S0003-S2004}
--------------------------------------------------------------------------------------

To better understand the role of HCC-cells-derived exosomes in the lung metastasis, we established the model of liver orthotopic tumor transplantation in nude mice and treated it with HCC-cells-derived exosomes (100 μg of total protein) by tail vein injections. Mice lung tissue HE stain results showed that the numbers of tumor thrombus positive in MHCC97L- and MHCC97H-derived exosomes group were higher than that in PBS-injected and LO2-derived exosomes group, and the highest metastasis rate was found in the highly invasive exosomes group ([Figure 4](#F0004){ref-type="fig"}).Figure 4Mice lung tissue H&E stain results.**Notes:** H&E stain revealed tumor thrombus in the lung tissue at the end of the experiment from mice treated with PBS (Control, **A**), LO2-exosome (**B**), MHCC97L-exosome (**C**) and MHCC97H-exosome (**D**). (**E**) The numbers of lung metastasis nodules in different groups; data are represented as the mean ± S.D. (\**P*\<0.05).

Discussion {#S0004}
==========

HCC progression and metastasis are the result of a variety of molecular mechanisms. It is not entirely clear how the primary tumors interact with local and distant cell information during HCC progression and metastasis. Exosomes are used as carriers of many kinds of bioactive molecules. There is more and more evidence that exosomes play a multiple regulatory role in tumor progression, invasion, angiogenesis and metastasis by transporting functional molecules to tumor microenvironment and even distant cells.[@CIT0014],[@CIT0015] For example, tumor-cell-derived exosomes can activate recipient cells by transporting fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF) and epidermal growth factor (EGF).[@CIT0016] Previous studies have found that tumor-derived exosomes are chemoattractant to endothelial cells.[@CIT0017] We have found that exosomes derived from HCC cells can influence cell growth and migration by delivering transforming growth factor β (TGF-β) to recipient cells.

The loss of E-cadherin, a key protein of intercellular adhesion, is one of the important reasons why EMT affects tumor metastasis by promoting the loss of intercellular adhesion and the ability of cells to migrate and invade.[@CIT0018] In this study, we observed that the expression of E-cadherin decreased after co-culture of recipient HCC cells with exosomes derived from MHCC97L and MHCC97H cells, while the expression of mesenchymal phenotypic protein Vimentin increased, suggesting that recipient HCC cells undergo EMT. Exosomes derived from HCC cells may promote the progression and metastasis of HCC by driving cell phenotypic changes through autocrine or paracrine modes. Similar to our results, it is reported that exosomes derived from melanoma cells can also promote the phenotypic change of bone marrow progenitor cells to pre-metastasis.[@CIT0019] Tumor-derived exosomes can stimulate phenotypic transformation of smooth muscle progenitor cells to tumor-promoting cells.[@CIT0020] Phenotypic changes in myofibroblasts induced by exosomes derived from breast and prostate cancer.[@CIT0021] The above results suggest that many different types of cells in tumor microenvironment can be influenced by tumor-cell-derived exosomes, thus promoting cell phenotypic changes, which may be one of the mechanisms of enhanced transformation or migration and invasion of different types of recipient cells to tumor.

It has been reported that various signaling pathways may be activated to affect EMT of melanoma (e.g. MAPK, NF-KB, P13K/AKT, etc.).[@CIT0022]--[@CIT0024] Soluble cytokine TGF-β family is one of the most important factors in EMT inducer. Activation of the TGF-β receptor and the downstream Smad pathway can activate transcription factors including the Snail family, the ZEB family and the Twist family, induce cell reprogramming, ultimately enable epithelial phenotype primary tumor cells to acquire interstitial cell characteristics and acquire the ability to invade the extracellular matrix, which become the trigger point for tumor metastasis.[@CIT0025] We have found that the exosomes derived from HCC cells promote the invasion and migration of HCC cells by affecting their TGF-β signaling pathways. Moreover, the exosomes derived from HCC cells with high invasive properties are more effective. In conclusion, the above results suggest that the exosomes derived from tumor cells can transfer similar carcinogenic molecules to other tumor cells or normal recipient cells in a manner of autocrine or paracrine, and promote the recipient cells to acquire tumor invasion characteristics. When gene mutation occurs in some cells, the exocrine secreted by the cells transports the mutation information to other recipient cells through fusion membrane, which causes activation of protooncogene, expression of anti-apoptosis gene and enhancement of anchor-independent growth ability of the recipient cells.

In addition to that effect of the above biological factors on EMT in tumors, some miRNAs may also participate in the process of EMT in tumors. It is reported that inhibition of miR-191 expression may block process of EMT in tumors, decreasing ability of invasion and migration of tumor cells.[@CIT0026] MiR-23a can regulate EMT in tumors by targeting E-cadherin.[@CIT0027] Et-7a has also been shown to be involved in tumor migration, invasion and EMT processes by targeting specific proteins such as LIN28B and HMGA2.[@CIT0028] Our team will explore the role and mechanism of some key miRNAs in EMT induced by exosomes derived from HCC cells with different invasive properties, and further clarify the role of exosomes in the progression and metastasis of HCC.

Conclusion {#S0005}
==========

In conclusion, we have found that exosomes derived from HCC cells can alter the molecular composition of tumor microenvironment through autocrine or paracrine transport of some bioactive factors and regulate the occurrence of tumor EMT. Accordingly, it is reasonable to predict that inhibitors of exosome production or release, as well as targeted drugs of biomolecules such as TGF-β, may be helpful in improving the prognosis of patients with HCC.
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